Abstract. We develop a theoretical description of the trapping of electrons by voids in a tight-binding solid. A new microscopic model is introduced in which the internal pore surfaces are parametrised by dimensionless ratios R and q. Critical values R, and qc of these ratios exist at which the fractionfof bound states at the pores vanishes. For a small pore embedded in a finite solid, numerical results for the bound state energies and their degree of localisation are presented. For larger pores in an infinite solid analytic results are obtained. On the basis of these results, we examine the possibility that field-dependent losses found experimentally in RF sputtered semiconductors are due to the trapping of electrons by voids and suggest that the field effect arises through transitions between bound pore states and nearby localised states. (1) where e is the electronic charge and L a length of order 10 A, which increases with hydrogen incorporation. This has led to the suggestion that the field effect is due to the internal polarisation of voids. Whether or not this conjecture is correct, there is clearly a need for a detailed understanding of the effect of voids on the electronic properties of a solid. In this Letter we introduce a new microscopic model of a porous solid and examine the manner in which the eigenstates are modified by porosity. We establish the existence of a finite fraction of bound states at a pore surface and determine how their number and degree of localisation depend upon the nature of the surface.
Despite the existence of a great deal of experimental evidence (Galeener 1971 , Donovan and Heinemann 1971 , Moss and Groczyk 1969 , Sherick and Paul 1974 , Patterson et a1 1983 which suggests that amorphous semiconductors contain micropores with typical radii of order 10 A, most current theories (Miller and Abrahams 1960 , Butcher 1980 , Mott and Davis 1979 of transport in these materials are based on models of homogeneously disordered solids. Although such models successfully describe a range of electronic properties, recent measurements Hogg 1983, Long et a1 1985) of field-dependent losses in sputtered Si and Ge suggest that voids can have a marked effect on charge transport. For example the AC electrical conductivity a(F) at a field F and temperature T becomes field dependent above a critical field F, given by eF,L = kBT (1) where e is the electronic charge and L a length of order 10 A, which increases with hydrogen incorporation. This has led to the suggestion that the field effect is due to the internal polarisation of voids. Whether or not this conjecture is correct, there is clearly a need for a detailed understanding of the effect of voids on the electronic properties of a solid. In this Letter we introduce a new microscopic model of a porous solid and examine the manner in which the eigenstates are modified by porosity. We establish the existence of a finite fraction of bound states at a pore surface and determine how their number and degree of localisation depend upon the nature of the surface.
Since a qualitative understanding of the bound states of a pore can be obtained without introducing a homogeneous background of disorder, the starting point of our 0022-3719/86/280659 + 07 $02.50 @ 1986 The Institute of Physics
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Letter to the Editor analysis will be a crystalline array of atoms with periodic boundary conditions described by a tight-binding Hamiltonian of the form where Vr,rl = V if r , r' are nearest neighbours and Vr,rr = 0 otherwise. A simple cubic lattice will be considered, where in d dimensions, each atom possesses Z = 2d nearest neighbours and the bulk crystalline band extends from -ZV to + ZV. A porous structure is obtained by removing from the crystal, hyper-cubes of atoms of size nd centred on positions {x}. To simulate effects due to the presence of dangling bonds and lattice distortion at a surface, we introduce the simplest microscopic model one can envisage which retains the simplifying features of a nearest-neighbour tight-binding Hamiltonian and yet is capable of parametrising a modified internal pore surface. The model is obtained by replacing the hopping element Vbetween nearest neighbours on the surface of a pore by a new matrix element U and simultaneously adding a site diagonal energy E = qV to each surface atom. To simplify the discussion of results, it will be useful to consider two extreme examples of this model. The first (referred to as model 1 below) is obtained by setting q = 0, in which case the parameter of interest is the ratio of the bulk to the intra-pore coupling R = V/U. In the limit R+ 0 the surface atoms of a pore are isolated from the remainder of the solid. In this limit the number of bound states Nb at a pore is equal to the number of surface atoms M . For non-zero R the number of bound states will decrease and it is of interest to determine if there is a critical value R, of R at which the fractionfof bound states vanishes. The second example referred to as model 2 below arises when V = U , in which case the parameter of interest is the ratio q = E/V. In the limit q + x a pore comprising M surface atoms will again possess Nb = M bound states. For finite q it is of interest to determine the critical value qc of q at whichfvanishes.
Despite the simplicity of these models, an exact solution for the bound states cannot be obtained in general. For this reason the analysis will be restricted to the dilute limit, where the pores are widely separated and the bound states can be obtained by treating the pores in isolation. To identify the bound states in this situation we have performed a numerical simulation on a two-dimensional lattice of N = 17 X 17 sites with periodic boundary conditions, containing a single pore of varying size. For a given value of R ( q ) in model 1 (2), all eigenstates lE) and eigenenergies E were computed by direct diagonalisation of the Hamiltonian. To identify the bound states, the weight c = Z r E surface of each eigenstate is computed, where the sum over r runs over the M surface atoms of the pore. For a bound state one expects Z -unity, whereas for an extended state 2 -M / N . The weights Z and energies E for both models are shown in figures 1 and 2. where the sum over r runs over all atoms excluding the surface atoms of the pore. For both models since IK) is normalised one obtains
These results describe the behaviour of the bound states with varying R and r ] , provided 2, does not deviate appreciably from unity. Figures 1 and 2 suggest that critical values R, and yc exist at which the fraction of bound states vanish. To determine these critical values we examine the quantity f = lim Nb/M.
M-z
An estimate of R, and y, can be obtained by noting that a bound state cannot exist with an energy lying in the range ?4V of the bulk crystalline band. Hence a zeroth approximation for R, and y, can be obtained by determining the value of U ( & ) at which a band edge of the isolated pore atoms coincides with a band edge of the bulk crystal.
Setting 4V = 2Uyields for model 1, R = 0.5. Setting 4V = Vy, + 2Vyields for model 2, 
in which case the bound state energies and inverse localisation length are given by and where
The conditions (6) yield for model 1, R, = 1 -(2d -l)-l and for model 2, Iqcl = 1. It is also interesting to note that for model 2, conditions ( 6 ) yield f = 1 when The fraction of bound states is obtained by integrating the density of surface states over all energies, excluding the bulk band energies. In two dimensions this yields for model 1,
and for model 2 ,
= 1 for 1771 3 3 + d8.
Equations (9) and (10) are shown as full curves in figure 3 .
Values for the fraction of bound states of a finite-size pore embedded in an infinite solid can be obtained using standard techniques (Elliott et a1 1974) by examining the poles of the T-matrix of a crystal containing a pore. Results for M = 20 are shown as dotted lines in figure 3 . These results demonstrate that the fraction of bound states of a void of M atoms rapidly approach the infinite-pore result (full curves) as M increases.
In the present paper we have introduced a new model of porosity and used two extreme examples (models 1 and 2) to illustrate a selection of its properties. Although where ti' is a characteristic transition frequency. At non-zero F, one might expect this to lead to a field effect, because the degree of localisation cy is altered by electronic polarisation of the pore. This arises because bound states are extended over the internal surface of a pore and consequently for 1111 < kBT electrons bound to the pore are free to move about on its surface. By analogy with a conducting hollow sphere, an external electric field will be shielded by a surface charge redistribution. As a first step towards describing this feature, we have examined an idealised situation in which the site energies of a pore centred on the origin remain unaltered, while for an applied field F i n the x direction, the bulk atoms have position-dependent site energies eFx. The change in LY can be obtained to lowest order in perturbation theory by extending the analysis leading to equations (3) and (4). For a pore of size L this yields a(F)/a(O) = 1 -P(eFL/EF)* where p is a positive constant of order unity. For fields with magnitude F satisfying eFL -kBT 4 this correction to cy is negligible and no measureable field effect will be seen. In contrast a sizeable effect can arise from hopping between bound pore states and nearby localised states. In the presence of a time-varying field F the bulk site energies eFx will produce a position-dependent shift in the energies of the bulk localised states relative to the energies of the pore states. The accompanying shift in the local means that on average, there will be a spread of width e F L of nearby empty states into which a pore electron can hop. This effect will become appreciable at a temperature T given by equation (1). The above picture also leads to a possible mechanism for the
